The functional capabilities of the mineralized tissues of the human body are derived largely from their unique structures and compositions. As a result of variations in the distribution of organic matter and inorganic crystals of different sizes, shapes, and organization, these mineralized tissues differ significantly with respect to physical properties (1). Compared with other mineralized tissues (e.g. dentin, cementum, and bone), dental enamel is distinct in that it is composed mostly of mineral (> 95% mineral by weight) and contains relatively little organic material (1-2% lipids and proteins). The mineral component of all these tissues is, however, similar with respect to composition. Enamel mineral is hydroxyapatite-like in nature and contains appreciable quantities of carbonate, sodium, and magnesium. The enamel tissue is also highly and uniquely organized, with long crystals of enamel mineral arranged into parallel rods, which are tightly packed in a species-specific manner. In general, these rods are aligned along the direction of maximum stress, providing enamel with hardness comparable to that of titanium (2).
The functional capabilities of the mineralized tissues of the human body are derived largely from their unique structures and compositions. As a result of variations in the distribution of organic matter and inorganic crystals of different sizes, shapes, and organization, these mineralized tissues differ significantly with respect to physical properties (1) . Compared with other mineralized tissues (e.g. dentin, cementum, and bone), dental enamel is distinct in that it is composed mostly of mineral (> 95% mineral by weight) and contains relatively little organic material (1-2% lipids and proteins). The mineral component of all these tissues is, however, similar with respect to composition. Enamel mineral is hydroxyapatite-like in nature and contains appreciable quantities of carbonate, sodium, and magnesium. The enamel tissue is also highly and uniquely organized, with long crystals of enamel mineral arranged into parallel rods, which are tightly packed in a species-specific manner. In general, these rods are aligned along the direction of maximum stress, providing enamel with hardness comparable to that of titanium (2) .
As in the case of other mineralized tissues, enamel mineral is formed through a process mediated by matrix proteins. It is believed that matrix proteins play a critical role in the control of both the onset of mineralization and the resulting organization of the developing mineral crystals. Thus, tissue ultrastructure is believed to be largely controlled by matrix proteins. Although a number of studies have examined the effects of specific matrix proteins from bones and teeth as initiators (or inhibitors) of mineralization (3), little is known regarding the mechanism by which matrix proteins serve to control mineralized tissue organization.
Amelogenins constitute up to 90% of the extracellular matrix in developing enamel, and several studies have confirmed that amelogenin is essential for proper enamel mineral formation in vivo (4-7). The largely hydrophobic nature of amelogenin leads to several intriguing physical properties. For example, the solubility of amelogenin is lower in neutral solution than in acidic or basic solutions (8) . In a number of previous studies (9) (10) (11) (12) (13) (14) (15) (16) , amelogenin molecules have also been shown to self-assemble to form nanometre-sized spheres (ÔnanospheresÕ). Although very little is known about the precise role of these aggregates in the formation of enamel, it has been suggested that self-assembly of the protein may be important for proper enamel formation. Several recent transgenic studies have shown that alterations in specific regions of amelogenin, An amorphous silica mineralization technique was used to produce inorganic/protein composites to elucidate the structure and mechanism of formation of amelogenin assemblies, which may play an important role in regulating enamel structure during the initial stages of amelogenesis. Full-length recombinant amelogenins from mouse (rM179) and pig (rP172) were investigated along with key degradation products (rM166 and native P148) lacking the hydrophilic C terminus found in parent molecules. The resulting products were examined using transmission electron microscopy and/or small-angle X-ray scattering. Using protein concentrations of 0.1-3 mg ml
, large monodisperse spheres of remarkably similar mean diameters were observed using rM179 (124 ± 4 nm) and rP172 (126 ± 7 nm). These spheres also exhibited Ôinternal structureÕ, comprising nearly spherical monodisperse particles of 20 nm in diameter. In the presence of rM166, P148, and bovine serum albumin (control), large unstructured and randomly shaped particles (250-1000 nm) were observed. Without added protein, large dense spherical particles of silica (mean 500 nm) lacking internal structure were produced. These findings demonstrate that full-length amelogenins have the ability to form higher-order structures, whereas amelogenins that lack the hydrophilic C terminus do not. The results also suggest that full-length amelogenin can guide the formation of organized mineralized structures through co-operative interactions between assembling protein and forming mineral.
believed to affect its self-assembly, result in the disruption of proper enamel mineral formation (17, 18) .
Indeed, a key feature of many biological macromolecules is their ability to self-assemble. The resulting superstructures play major roles in a variety of biological processes, but in particular in the control of nucleation and organized growth of biominerals, such as dental enamel (19) . As shown in Fig. 1 , although amelogenins are mostly hydrophobic, they possess a hydrophilic C terminus (20) . Self-assembly may therefore result from the amphiphilic nature of the protein, a factor that could be of primary importance in directing the enamel mineral growth.
In order to gain insight into their structures, amorphous silica has been used to mineralize organized assemblies of molecules, as in studies on the use of surfactants or synthetic polymers as organic templates for the preparation of porous inorganic materials (21) . In addition, a large number of examples exist in the literature where the structural characterization of biological organisms and supramolecular assemblies, such as viruses, has been facilitated through their mineralization using silica (22) (23) (24) (25) (26) . As amelogenin is rich in polar histidine and glutamine residues, which have previously been shown to act as nucleation sites for the deposition of mineral phases (27) , it may be possible to produce an inorganic ÔcastÕ of an amelogenin hierarchical structure, if one exists, through silica mineralization. Such dense structures would possess enhanced electron and X-ray contrast, providing a means by which the degree of organization and lattice parameters could be determined. Thus, the silica mineralization reaction may provide new insights into the formation of organized assemblies of amelogenin, even under non-physiological in vitro conditions, through interactions between the protein surface functionalities and charged polymerizing silica species.
The aim of this investigation was to use the silica mineralization technique to detect and study the ability of amelogenin to form superstructures, in order to obtain insight into the role of specific protein assemblies in the development of the enamel tissue.
Material and methods

Experimental procedures
A mixture of tetraethoxysilane (TEOS) and aminopropyltriethoxysilane (APTES) (90 and 10 mol percentage of silica source, respectively; 14.5 ll volume) was added to an aqueous solution (310 ll) containing a known concentration of amelogenin (100 lg ml )1 to 4 mg ml
). The protein solution was previously prepared and equilibrated at room temperature overnight. On addition of the ethoxysilane mixture, the reaction vessel was agitated to thoroughly mix the components, then left stationary for 3 d. Experiments were repeated at different temperatures and for various initial protein concentrations. The effect of mechanical stirring of the reaction mixture was also investigated. A white precipitate formed after different reaction times, depending on the conditions used. Bovine serum albumin (BSA) was used as a control.
Aminopropyltriethoxysilane was added to the reaction mixture for the following reasons (28): (i) The amine functionality catalyzes the hydrolysis of the ethoxy groups, resulting in an increased rate of reaction at near-neutral pH. This condition is favorable for the mineralization of biological molecules, which may undergo significant structural changes under extreme pH conditions. (ii) Aminopropyltriethoxysilane increases the hydrophilicity of the silica mixture, decreasing phase separation on addition to the protein solution. (iii) The amine functionality may provide additional favorable interactions between the silica framework and the protein surface.
Following a series of preliminary experiments, a ratio of 90 : 10 mol percent for TEOS:APTES was found to provide optimal interactions between the growing silica framework and the protein surface. By altering this ratio, or by changing the total concentration of silica, the reaction kinetics is disturbed and favorable protein/silica interactions are lost. Altering the molar ratio of TEOS:APTES has the potential to affect a number of reaction parameters, including the rate of hydrolysis of the ethoxysilane groups, the overall degree of silica condensation, and interactions between the amine groups of the silica framework and the protein. A slight pH increase also occurs with an increased concentration of APTES. Molar ratios of TEOS:APTES of 95 : 5 and 80 : 20 were investigated. When the silica mixture contained 5 mol percent APTES, the reaction proceeded more slowly, and a precipitate was not evident until day 5. Transmission electron microscopy (TEM) of the product showed amorphous silica particles and dense aggregates. At 20 mol percent APTES, a precipitate formed within a matter of seconds, and a significant amount of unstructured amorphous silica was again detected by TEM, after just 24 h. Small numbers of particles, similar to those obtained using 10 mol percent APTES, were also detected in this case. Higher and lower overall silica concentrations resulted in the formation of a significant quantity of unstructured silica, and fewer or no particles possessing internal structure.
Enamel proteins
Four enamel matrix proteins were investigated, including full-length recombinant proteins from mouse (rM179) and from pig (rP172). Again, as illustrated in Fig. 1 , the fulllength recombinant amelogenins are mostly hydrophobic in nature, but possess a common 13-amino acid hydrophilic C terminus. Recombinant rM166 and native P148 were also studied and represent major degradation products of amelogenin found in vivo. Notably, rM166 and P148 lack the 13-amino acid hydrophilic tail found in the full-length parent molecules. All of the recombinant proteins lack an N-terminal methionine and a single phosphate group at S-16. P148 also lacks an additional 12 amino acids from the C terminus and is phosphorylated at S-16. Note that there is significant homology between the mouse and pig sequences, although they are not identical. The recombinant proteins were produced in Escherichia coli, and purified as previously described (29, 30) . Native P148 was isolated from developing pig enamel and purified according to published procedures (31).
Analyses
All samples were analyzed using TEM (JEOL1200 EX, operating at 120 keV). The suspensions resulting from the mineralization reactions were diluted with distilled water, and droplets were air-dried onto carbon-coated 3-mmdiameter copper TEM grids. Particle diameters were measured from TEM printed images. Mean values and standard deviations were based on measurements of 25 particles for each experiment.
Small-angle X-ray scattering analysis was performed on a Bruker (Bruker AXS, Madison, WI, USA) two-dimensional (2D) small-angle diffractometer with a rotating anode X-ray generator and operating at 40 kV, 1.2 kW, and 30 mA. The sample-detector distance was 604 mm, and the beam diameter was 100 lm.
Results
Low-magnification TEM studies of silica/rM179 and silica/rP172 composites (1 mg ml )1 protein) revealed a dense population of large ( 125 nm in diameter) monodisperse spherical particles ( Fig. 2A) of remarkably uniform size (Table 1) . Occasionally, coalescence was observed, but the vast majority of the particles were discrete. Transmission electron microscopy observations at higher magnification revealed that all particles Fig. 2 . Unstained transmission electron microscopy (TEM) images of (A) silica/rM179 and (B) silica/rP172 composites using 1 mg ml )1 protein, at low magnification; (C) silica/rM179 composites using 1 mg ml )1 protein, at high magnification, showing clear evidence of internal structure, comprising smaller spherical monodisperse particles, with diameters of 20 nm (arrow); (D) Smallangle X-ray scattering results showing a single broad ring pattern, corresponding to a d-spacing of 21.5 nm.
Self-assembly of recombinant amelogenins generated in the presence of rM179 and rP172 possessed obvious internal structure (Fig. 2B,C) . The materials resulting from mineralization of rM179 and rP172 were indistinguishable. The particles of 125 nm were composed of smaller, approximately spherical, monodisperse particles, with diameters of 20 nm. These smaller particles appeared to be coalescing moderately, but a degree of organization within the larger particles was clearly evident (arrow, Fig. 2C ), as expected from the packing of spheres of uniform size.
Small-angle X-ray scattering analysis performed on a sample of an rM179/silica composite (using 1 mg ml )1 of rM179) resulted in a single broad ring pattern, corresponding to a d-spacing of 21.5 nm, consistent with measurements from TEM images of the diameter of the smaller particles (Fig. 2D) . Observations of samples that were allowed to react for time-periods in excess of 3 d showed no change in the products for up to 12 wk.
A uranyl acetate stain was applied to a sample of each material in an attempt to locate the protein within the composites. High-magnification TEM images revealed no change in the appearance of the particles in the presence of the stain (Fig. 3) . This observation suggests that the protein is located within the spheres, forming core-shell particles, with no significant surface protein attachment or protein in the spaces between the smaller particles. Interestingly, no staining of bulk material was observed on the grids, signifying that all the available protein had been encapsulated within the spheres.
An investigation of the protein concentration dependence of the reaction revealed very little difference in products obtained from initial amelogenin concentrations of 0.1-3 mg ml )1 for either rM179 or rP172 (Table 1) . Using protein concentrations in this range, large monodisperse spheres of remarkably similar mean diameters were observed using rM179 (124 ± 4 nm) and rP172 (126 ± 7 nm). However, composites prepared from solutions containing 4 mg ml )1 of either of these proteins resulted in larger particles, with mean diameters of 192 nm (rM179) and 206 nm (rP172), respectively ( Table 1 ). The internal structure of these larger particles did not differ from that of the particles prepared using lower protein concentrations. Solubility problems hindered a study of protein concentrations of > 4 mg ml )1 . Temperature dependence of the particle formation was also considered. Reactions were repeated at 37°C and 4°C (Table 1) . No significant differences were ascribed to products obtained at different temperatures; however, protein concentrations of > 3 mg ml )1 could not be investigated at 37°C, again because of solubility problems. Mechanically stirring the reaction solutions did not affect the products (Table 1) .
The recombinant rM166 and native P148 proteins were subjected to reaction conditions identical to those of the full-length mouse and pig proteins. Both rM166 and P148 lack the hydrophilic C-terminal portion of the protein sequence. Transmission electron microscopy of the silica composites prepared from both of these proteins showed large unstructured randomly shaped particles, with dimensions of 0.25-1.0 lm (Fig. 4A,B) . Careful examination of the thin edges of these materials at high magnification did not reveal any internal structure. No spherical particles resembling those formed from rM179 or rP172 were observed at any concentration or temperature. Control material prepared at room temperature using 2.5 mg ml )1 BSA was similar to those formed from rM166 and P148 (Fig. 5A) .
A control sample, which contained just APTES, TEOS, and water, produced dense silica spheres (average diameter 500 nm), with no evidence of internal structure (Fig. 5B) .
Discussion
The present study has shown, through the use of a novel technique employing silica mineralization, that fulllength amelogenin has the potential to self-assemble to form hierarchical structures in solution and that the hydrophilic C terminus is essential for this to occur. Indeed, a key feature of the vast majority of biomolecules involved in the formation of biological minerals is their ability to self-assemble into organized superstructures. As noted above, it has been suggested that amelogenin forms such assemblies that help guide the organization of developing enamel. The present findings demonstrate that full-length amelogenins aggregate into monodisperse nanometre spheres that can pack into ordered arrays in the presence of forming amorphous silica. Such ordered arrays could provide a suitable template for controlled mineral nucleation/growth and potentially guide the organization of growing enamel crystals. The 15-20 nm particles prepared from solutions containing rM179 and rP172, visualized using the Si-mineralization technique, have similar dimensions to those reported previously for amelogenin ÔnanospheresÕ, detected by dynamic light scattering and atomic force microscopy (9, (11) (12) (13) (14) . Remarkably, despite some differences in amino acid sequence of the hydrophobic portion of rM179 and rP172, these full-length proteins from two different species produced nanospheres of nearly identical size. Failure to observe the nanospheres from protein solutions containing either of the two truncated proteins (i.e. rM166 and P148) provides clear evidence that the hydrophilic region of the full-length molecule is imperative for the higher-order assembly process. Results obtained using BSA, or in the absence of protein, suggest that the structure of the full-length amelogenin specifically and uniquely drives the formation of the ordered aggregates. The lack of dependence of nanosphere aggregate size over a wide range of protein concentrations (Table 1) is also remarkable and may be explained by considering potential interactions between the organic and inorganic components. Uniform aggregates formed from the full-length proteins may be the result of a co-operative mechanism between assembly of monomeric amelogenin molecules and formation of a silica polymer, and/or the result of the mineralization of preformed amelogenin aggregates at higher protein concentrations. However, the lack of dependence on protein concentrations (up to 3 mg ml )1 ) seems to suggest that a co-operative process may be involved. Aggregation of nanospheres of amelogenin to form higher-order structures in vitro has not been noted previously, possibly as a result of the low solubility of the protein, although chains of amelogenins have been observed using TEM in the presence of calcium (16) and under conditions intended to induce protein crystallization (32) . The formation of chain-like structures of amelogenin was also suggested by recent findings using small-angle X-ray scattering (33) . Thus, Si mineralization may have promoted the assembly of amelogenin nanosphere subunits to form the larger monodisperse Si-amelogenin composites observed under the experimental conditions used in our studies.
The Si-mineralization technique used in this study has provided unique insight into the potential ability of fulllength amelogenins to form higher-order structures, albeit in an anomalous mineralizing system. However, our present findings and suggested mechanism of composite formation are in agreement with results from our recent studies on the regulation of calcium phosphate formation by recombinant mouse amelogenins in vitro (16). ) was similar to those formed from rM166 and P148. (B) A control sample, which contained just aminopropyltriethoxysilane (APTES), tetraethoxysilane (TEOS), and water, produced dense silica spheres (average diameter 500 nm), with no evidence of internal structure. Fig. 4 . Transmission electron microscopy (TEM) of silica composites prepared from both (A) rM166 and (B) P148 showed large unstructured randomly shaped particles, unlike rM179 and rP172. Both rM166 and P148 lack the hydrophilic C terminus found in the parent molecules (Fig. 1) .
Self-assembly of recombinant amelogenins
The full-length rM179 (1 mg ml )1 ) was found to uniquely regulate calcium phosphate formation by inducing the formation of bundles of crystals that were organized in parallel arrays. Importantly, such arrays were only evident when mineralization and self-assembly took place simultaneously. Similar results (E. Beniash, unpublished data) have been obtained recently using fulllength rP172. Furthermore, in experiments using rM166, which lacks the hydrophilic C terminus, organized mineral structures were not observed (16) . These results are consistent with our present findings using Si mineralization, and lend support to the conclusion that fulllength amelogenins are unique in their ability to form higher order structures that can potentially regulate the organization of growing mineral crystals. In addition, both studies suggest that the protein/mineral composite structures which form are a result of co-operative interactions between the processes of organic assembly and mineralization. Our collective findings further suggest that the nature of the growing mineral phase (i.e. amorphous Si vs. hydroxyapatite crystals) can have a significant influence on the structure of the mineralized product. We have demonstrated that the full-length amelogenin induces organization in two different mineralizing systems, but the structures of the final products differ owing to fundamental differences in the nature of the forming mineral. However, given the observed propensity of Si to form an amorphous layer at organic surfaces (21) (22) (23) (24) (25) (26) , Si mineralization appears to result in composite structures that also reflect the organization of the organic assembly, as in the present study. Thus, this technique may provide useful information concerning the role of quaternary protein structures in other biological processes.
In conclusion, it should be added that the relatively high concentrations of amelogenin known to be present in vivo may result in gel formation, with nanospheres of amelogenin being packed closely together during the early stages of enamel development. The packing of sphere-like structures has been observed in fixed gels of amelogenin extracts in vitro (34) . Forming mineral crystals may similarly influence the uniformity of structure of such a colloidal template, which may ultimately serve to guide the organization of mineral formation during the early stages of amelogenesis. Further studies will be needed to assess this latter point directly.
